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BACKGROUND: Arsenic (As) is a well-known environmental contaminant. Chronic exposure to As is known to increase the risk of cardiovascular dis-
eases, including atherosclerosis, hypertension, diabetes, and stroke. However, the detailed mechanisms by which As causes vascular dysfunction
involving endothelial integrity and permeability is unclear.
OBJECTIVES: Our goal was to investigate how exposure to As leads to endothelial dysfunction.

METHODS: Arsenic trioxide (ATO) was used to investigate the effects and mechanisms by which exposure to As leads to endothelial dysfunction
using a mouse model and cultured endothelial cell monolayers.

RESULTS: Compared with the controls, mice exposed chronically to As (10 ppb in drinking water supplied by ATO) exhibited greater vascular perme-
ability to Evans blue dye and fluorescein isothiocyanate–labeled bovine serum albumin (FITC-BSA). In addition, endothelial monolayers treated with
ATO (0:13 lM As) exhibited greater intracellular gaps and permeability to low-density lipoprotein or transmigrating THP-1 cells. Furthermore, activ-
ity and protein levels of calpain-1 (CAPN-1) were significantly higher in aortas and human umbilical vein endothelial cells (HUVECs) treated with
ATO. These results were consistent with effects of ATO treatment and included a rapid increase of intracellular calcium (½Ca2+ �i) and higher levels
of CAPN-1 in the plasma membrane. Endothelial cell dysfunction and the proteolytic disorganization of vascular endothelial cadherin (VE-cadherin)
in HUVECs in response to ATO were partially mitigated by treatment with a CAPN-1 inhibitor (ALLM) but not a CAPN-2 inhibitor (Z-LLY-FMK).

CONCLUSIONS: This study found that in mice and HUVEC models, exposure to ATO led to CAPN-1 activation by increasing ½Ca2+ �i and CAPN-1
translocation to the plasma membrane. The study also suggested that inhibitor treatment may have a role in preventing the vascular endothelial dys-
function associated with As exposure. The findings presented herein suggest that As-induced endothelial dysfunction involves the hyperactivation of
the CAPN proteolytic system. https://doi.org/10.1289/EHP4538

Introduction
Arsenic (As) contamination is a well-known environmental prob-
lem (Jomova et al. 2011), which can lead to severe health disor-
ders such as skin lesions, cardiovascular disease, liver toxicity,
and multiple types of tumors (Naujokas et al. 2013). Although As
exists ubiquitously in four possible oxidation states (−3, 0, + 3
and + 5) in the environment, trivalent arsenite [As(III)] and pen-
tavalent arsenate [As(V)] are the predominant inorganic arsenic
(iAs) species in natural water (Smedley and Kinniburgh 2002),
whereas arsenite is more prevalent in groundwater (Korte and
Fernando 1991). Chronic As exposure currently affects over 140
million people in at least 70 countries worldwide (Peters et al.
2015). In Asia, at least 60 million people were at risk of chronic
As exposure, and more than 20 million people in China were esti-
mated to be living in areas with As levels in the drinking water
>10 lg=L (10 ppb), which is the World Health Organization
(WHO) guideline value and the current Chinese standard for safe
drinking water (Rodríguez-Lado et al. 2013). A cohort study
(Moon et al. 2013) showed that long-term As exposure at low-

to-moderate levels positively correlated with atherosclerosis.
Accumulating evidence for endothelial toxicity by As exposure
has been established, including inhibition of cell differentiation
and induction of cell stress and apoptosis (Miller et al. 2002;
Roboz et al. 2000). However, the molecular mechanisms by
which As might lead to endothelial dysfunction have remained
unclear.

Vascular endothelial cells tightly lining the inner face of ves-
sel walls form a continuous monolayer that regulates vascular
functions such as transport of molecules, trafficking of leuko-
cytes, and angiogenesis (Bazzoni and Dejana 2004). Endothelial
homeostasis is impacted by a wide variety of factors and changes
in endothelial membrane integrity and permeability that may ulti-
mately lead to pathophysiological outcomes (Lum and Roebuck
2001). One recent study revealed that the disturbance of these
natural barriers led to increased vascular permeability and the
entry of low-density lipoprotein (LDL) into subendothelial
spaces, thereby promoting plaque formation, one of the initial
events in the early stages of atherosclerosis (Gimbrone and
García-Cardeña 2016).

Calpains (CAPNs) have been identified as a conserved family
of intracellular calcium-sensitive cysteine proteases, with CAPN-1
(l-CAPN) and CAPN-2 (m-CAPN) being the most ubiquitously
expressed in various mammalian cell types and tissues (Huang
and Wang 2001). CAPN activity is increased by calcium flux
into the cytosol, whereas CAPN activity is down-regulated
when these enzymes are bound by calpastatin (CAST), the en-
dogenous inhibitor (Ono et al. 2016). CAPNs regulate multiple
biological, processes including cell proliferation, adhesion, mo-
tility, and apoptosis through the functional cleavage of target
proteins (Goll et al. 2003). Previous studies have revealed that
CAPN activation plays an important role in atherogenesis by
regulating endothelium functions, including apoptosis of endo-
thelial cells, expression of adhesion molecules for immune cells,
and barrier dysfunction (Miyazaki et al. 2013). For example,
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vascular endothelial cadherin (VE-cadherin), which serves as a
major structural protein of adherence junctions and a structural me-
diator of endothelial integrity (Gavard 2009), was directly cleaved
by CAPN-2, resulting in disorganized structures in aortic endothe-
lial cells during atherosclerosis (Miyazaki et al. 2011).

Arsenic trioxide (ATO), a trivalent As compound, is released
into the air and water through natural and industrial processes. It
is the most commonly produced form of iAs that may generate
arsenite in alkaline solutions (Huang et al. 2015). Although mul-
tiple As species have been used in As exposure studies involving
animal and cell models, the use of low-dose ATO exposure has
proven to be useful in studies of As-induced cardiovascular disor-
ders (Mumford et al. 2007; Rahman et al. 2015). Considering the
potential roles of As and CAPNs in endothelial cell functions, we
hypothesized that endothelial dysfunction induced by As expo-
sure may be mediated by CAPN activity. To address this issue,
ATO was used to study the effects and mechanisms of As on en-
dothelial dysfunction in mouse and human umbilical vein endo-
thelial cell (HUVEC) models.

Materials and Methods

Mice and Exposure Protocol
The Animal Care and Ethics Committee of Jinan University
approved the animal protocols (20150306003, 20180309001) in
this study. C57BL/6J mice were obtained from the Experimental
Animal Center of Southern Medical University (Guangzhou,
China), and B6:129P2-ApoEtm1Unc=J (ApoE−=− ) mice were pur-
chased from Jackson Laboratories. All mice were housed five
mice per cage and fed a normal diet ad libitum in an environmen-
tally controlled room (21±1�C with a 12-h photoperiod) in the
Institute of Laboratory Animal Science, Jinan University. Three
independent experiments were conducted with different cohorts
of mice at 6–8 weeks of age. For long-term As exposure, male
C57BL/6J mice were randomly assigned to four groups (n=30
per group). The control group was maintained on tap water,
whereas the three As exposure groups were maintained on
tap water treated with 10 ppb As supplied by ATO (As2O3;
13:2 lg=L), arsenate pentoxide hydrate (arsenate; As2H2O6,
16:5 lg=L), or roxarsone (C6H6AsNO6; 35:1 lg=L) for 4 weeks.
For short-term As exposure, two groups (n=20 per group) of
male C57BL/6J mice were maintained on tap water with or with-
out ATO (10 ppb As) for 1 week. In addition, two groups (n=10
per group) of either male ApoE−=− or male C57BL/6J mice [wild
type (WT)] were assigned and treated with or without ATO for 4
weeks as above.

During long-term As exposure, body weights were measured
weekly and changes in body weight for each group were
expressed as average percentage (%) relative to initial weight.
Drinking water was freshly prepared and changed every 3 d. To
monitor water consumption per mouse, singly housed mice (five
mice per group, one mouse per cage) were compared with group-
housed mice (five mice per group, one cage per group) in the
same room. Drinking water levels were measured every 3 d over
a period of 4 weeks. Water consumption was expressed as millili-
ters per mouse per day averaged for every week (see Figure S1F)
or the total time course (see Figure S1G). Water consumption
was also compared between ApoE−=− and WT mice with or
without ATO treatment (see Figure S3G). To account for differ-
ences due to fluid spillage (on average, 1:2 mL=d), a graduated
cylinder with a drinking nipple was hung on an empty cage.

ATO, arsenate, and roxarsone were purchased from Sigma
and represented the species of trivalent arsenite, pentavalent arse-
nate, and organoarsenicals, respectively, which are the major spe-
cies involved in human exposure.

Vascular Permeability Assay
After exposure, mice vascular permeability was assessed by two
end point experiments. First, mice (n=3 per group) were injected
intravenously with 200 lL of 0.5% sterile Evans blue dye
(Sigma) via the tail vein. After 30 min, the mice were euthanized
by carbon dioxide inhalation. The aortas, feet, and colons were
dissected, weighed, and photographed. Evans blue dye was
extracted from tissues using 0:5 mL formamide at 55°C for 24 h
and measured at 610 nm as described in previous studies (Han
et al. 2002). Second, mice (n=3 per group) were injected intra-
venously with 200 lL of fluorescein isothiocyanate–labeled bo-
vine serum albumin (FITC-BSA) (50 lg=lL; Sigma) via the tail
vein. After 60 min, the mice were euthanized and the aortas were
sampled and fixed in 4% paraformaldehyde overnight. Following
dehydration in a series of alcohol baths and clearing in xylene,
aortas were embedded in Paraplast® (Leica) and then cut into
5-lm sections using an automated microtome (model RM2255;
Leica) that were then adhered immediately onto glass slides
(CitoTest). After deparaffinization and rehydration, nuclei were
counterstained with 40,6-diamidino-2-phenylindole (DAPI; a
blue-fluorescent DNA stain) (0:1 mg=mL; Sigma). Images of
aortic sections were captured by EVOS® FL Imaging System
(ThermoFisher) using the excitation and emission spectra 360=
447 nm for DAPI and 470=525 nm for FITC-BSA. Relative fluo-
rescence intensity of FITC-BSA in sections (n=3 per mice) were
quantified by ImageJ (version 1.46r; National Institutes of
Health) (Schneider et al. 2012).

Cell Cultures and Treatment
HUVECs and THP-1 cells (a human monocytic cell line) were
obtained from American Type Culture Collection (ATCC).
HUVECs were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F-12) medium (Gibco), whereas
THP-1 cells were cultured in Roswell Park Memorial Institute
1640 (RPMI-1640) medium (Gibco) and activated by phorbol
12-myristate 13-acetate (100 ng=mL; Cayman) treatment for 24 h.
All culture media were supplemented with 10% fetal bovine serum
(FBS; Gibco), penicillin (100 U=mL; Gibco), and streptomycin
(100 lg=mL; Gibco). The cells were cultured at 37°C in a humidi-
fied 5% CO2 atmosphere in an incubator (ESCO). Based on the
experimental design, HUVECs were seeded in triplicate in 96-well
plates (0:2× 104 or 1× 104 per well), in 6-well plates (2× 105 per
well), or in 10-cm dishes (2× 107 per dish) and incubated over-
night or for longer periods to reach suitable confluency. Generally,
cells were exposed to As in culture medium for 24 h at a final con-
centration of As of 0:13 lM (equal to 10 ppb) supplied by the
ATO stock solution (1:3mM As), which was prepared by dissolv-
ing 13:2 mg of ATO in 100 mL of 0:1 M sodium hydroxide
(NaOH; Sigma). Other stock solutions with 1:3mM As for arseni-
cals including arsenate and roxarsone were also prepared in 0:1 M
NaOH and diluted to their final concentrations of As using the
complete culture media. The culture media with the same dilution
of 0:1 M NaOH also served as the solvent control.

Cell Viability and Cell Growth
Cell viability and cell growth was detected using the Cell
Counting Kit-8 (CCK-8; Dojindo). Briefly, HUVECs were
seeded in triplicate in 96-well plates (1 × 104 per well), incubated
overnight, and treated with ATO, arsenate, or roxarsone
(0–4:16 lM As) for 24 h. Then, 10 lL of the CCK-8 solution
was added and the cells were incubated for 2 h at 37°C. The ab-
sorbance was measured at 460 nm using a microplate reader
(Synergy™ H1M; BioTek). For the cell proliferation assay, cells
in 96-well plates (0:2× 104 per well) were treated with ATO with
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a series of dosages (0–4:16 lM As) for 0, 1, 3, and 6 d, and cell
growth was assessed using the CCK-8 kit as above.

Flow Cytometry
HUVECs were seeded in triplicate in 6-well plates (2 × 105 per
well) and treated with ATO as described above for flow cytome-
try analysis. The cells were harvested by trypsin (EDTA-free;
Gibco) and washed twice with cold phosphate-buffered saline
(PBS). Cell apoptosis was analyzed using the Annexin V-FITC/
PI Kit (4A Biotech Co. Ltd) according to the manufacturer’s
instructions. The cells were resuspended in 100 lL binding buffer
with 5 lL recombinant human Annexin V (FITC-labeled) for 5
min at room temperature (RT). Propidium iodide (PI; 10 lL,
20 lg=mL) was diluted in 400 lL PBS and added to each sample
prior to analysis. A total of 2 × 104 events were analyzed by flow
cytometer (NovoCyte®; ACEA) using the FL1 channel (488=
530 nm) and the FL2 channel (488=570 nm). To analyze cell
cycle distribution, the cells were fixed in 70% ethanol at −20�C
overnight. After washing three times with PBS, the cells were
stained with PI (10 lg=mL; Sigma) for 30 min at 4°C in the dark.
Then 2× 104 events were detected by flow cytometer using the
FL2 channel. Unstained cells were used as negative controls, and
each treatment was analyzed in three biological replicates.

Total Arsenic Detection and Arsenic Speciation Analysis
Total As (tAs) and As species were analyzed as described in a
previous study (Li et al. 2018). Briefly, entire aortas (n=3 per
group) were sampled, and HUVECs were harvested by a cell
scraper washing with cold PBS after incubating in a 10-cm dish
(∼ 4× 107 per dish, n=3 per group) with ATO treatment (0,
0.13, 1.3, or 13 lM As) for the indicated times. Samples of aortas
and cells were digested in 1:5 mL concentrated nitric acid
(HNO3; 67%) at RT for 30 min and then heated at 100°C after
the addition of 1 mL concentrated hydrogen peroxide (H2O2;
30%) for another 3 h. After evaporating, samples were diluted
with deionized water to 1 mL and subjected to inductively
coupled plasma mass spectrometry with collision/reaction cell
technology (ICP-CCT-MS; XSERIES® 2 ICP-MS equipped with
CCT; ThermoFisher) for tAs detection.

To analyze As species, aortas and harvested cells were ho-
mogenized using a homogenizer (model OSE-Y50; Tiangen) on
ice with 10 passes and ultrasonicated (VCX 130, Sonics &
Materials) three times for 30 s on ice. The filtrates of the samples
were collected by centrifugation at 14,000 rpm at 4°C for 20 min
in an Ultra-0.5 Centrifugal Filter Unit (3 kDa, Amicon), and then
subjected to an Ultimate 3,000 series high-pressure liquid chro-
matography (HPLC) system (ThermoFisher) with a CAPCELL
PAK C18 column (5 lm, 4:6× 250 mm; Shiseido) coupled to
ICP-CCT-MS for As speciation analysis. Concentrations of tAs
and As species in aortas or cells were normalized to protein con-
centrations of lysates, which were measured using a bicincho-
ninic acid (BCA) assay kit (Pierce). tAs and As species in culture
media were also detected.

CAPN Activity Detection
CAPN activity was measured by using a CAPN activity assay kit
(BioVision) according to the manufacturer’s instructions. In
brief, entire aortas (n=3 per group) or HUVECs seeded in 6-
well plates (∼ 4× 106 per well, n=3 per group) were homoge-
nized and lysed in 200 lL extraction buffer on ice. Supernatants
of lysates were collected by centrifugation at 12,000 rpm at 4°C
for 1 min, and protein concentrations were detected by BCA
assay. A mixture of cell lysates (containing 50 lg protein per
assay) was diluted to 85 lL using the extraction buffer, and then

10 lL of 10× reaction buffer and 5 lL of CAPN substrates were
added to each assay and incubated for 1 h at 37°C in the dark.
Active CAPN (1 lL) or CAPN inhibitor (1 lL) was added to the
mixture for positive control or negative control, respectively.
Fluorescence intensity was measured using a microplate reader
(Synergy™ H1M, BioTek) with a 400-nm excitation filter and a
505-nm emission filter. CAPN activity was expressed as relative
fluorescence unit per milligram protein of each sample.

Active CAPN in Situ Staining
After short-term As exposure, activated CAPNs in aortas were
visualized in situ by intravenous injection of the CAPN tracer,
t-BOC-Leu-Met (20 lM; Invitrogen), 150 lL per mouse via the
tail vein (n=3 per group). After 30 min, the mice were eutha-
nized. Aortas were dissected, washed three times with cold PBS,
and gross images of aortas (n=3 per group) were captured by
using the fluorescence-labeled organism bioimaging instrument
(FOBI) system (NeoScience) using the blue channel. As above,
aortas were embedded in Paraplast® after fixation, dehydration,
and clearing and then cut into 5-lm sections, which were adhered
to glass slides. After deparaffinization and rehydration, sections
(n=3 per aortas) were imaged by the EVOS® FL Imaging
System using the excitation and emission spectra 360=447 nm.
Relative fluorescence intensity in aortas and aortic sections were
quantified by ImageJ 1.46r.

Intracellular CalciumMeasurement
HUVECs were seeded in triplicate in 96-well plates (1 × 104 per
well), incubated overnight, and co-cultured with or without ATO
(0:13 lM As) for another 24 h. After pretreatment with or with-
out the calcium chelator, BAPTA-AM (20 lM; Invitrogen), for
2 h, the fluorescent calcium indicator, Fura-2 AM, (2 lM;
Invitrogen) was loaded in the medium for 45 min at 37°C. Then
the cells were washed three times with PBS, and the fluorescence
intensity was measured every 30 s using the Synergy™ H1M
microplate reader equipped with 340- and 380-nm excitation fil-
ters and a 510-nm emission filter. Intracellular concentrations of
calcium (½Ca2+ �i) were calculated using the Grynkiewicz equa-
tion as described in a previous study (Hirst et al. 2006):

½Ca2+ �i ðnMÞ=Kd × ½ðR−RminÞ=ðRmax −RÞ�× Sfb

For this equation, R=340=380 ratio and the normal value
used for Kd is 225 nM. In this study, Rmax (the 340/380 ratio
under Ca2+ -saturating conditions), Rmin (the 340/380 ratio under
Ca2+ -free conditions), and Sfb (the ratio of baseline fluorescence
under Ca2+ -free and -bound conditions at 380 nm) were 5.24,
0.73, and 1.91, respectively.

Measurement of Vascular Endothelial Cell Barrier
Cultured vascular endothelial cell monolayers were established
by growing HUVECs on glass bottom dishes (NEST Biotech Co.
Ltd.) or Transwell® permeability supports (Corning) as described
in a previous study (Cancel and Tarbell 2011). Briefly, to assess
the integrity of monolayers, HUVECs (2× 105 per dish) were
seeded in triplicate in glass bottom dishes to form monolayers.
After treating with ATO (0:13 lM As) in the presence/absence
of the CAPN-1 inhibitor, ALLM (10 lM), or the CAPN-2 inhibi-
tor, Z-LLY-FMK (4 lM), for 24 h, the monolayers were stained
with the lipophilic membrane dye, DiI (5 lM; Invitrogen), and
the nucleic acid stain, Hoechst 33258 (1 lg=mL; Invitrogen), for
30 min. After washing three times with PBS, images were cap-
tured with a confocal laser scanning microscope (model FV10i;
Olympus) using the excitation and emission spectra 359=461 nm
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for Hoechst 33258 and 551=569 nm for DiI. Areas of intracellular
gaps in three random fields for each treatment were quantified
using ImageJ.

To assess the permeability of the macromolecules, mono-
layers were established by seeding HUVECs (5× 104 per well)
onto Transwell® permeable supports (0:4 lm pore size, 24-mm
insert diameter; Corning) and treated as above. DiI-labeled ox-
LDL (DiI-ox-LDL; 30 lg=mL; Yiyuan Biotech Co. Ltd.) was
added to the inner chamber and the cells were incubated for
another 24 h. The fluorescence intensity of DiI-ox-LDL in the
outer chamber was detected using a Synergy™ H1M microplate
reader with a 549-nm excitation filter and a 565-nm emission fil-
ter. Transendothelial electrical resistance (TEER) was detected at
the indicated times using a Millicell® ERS-2 volt-ohm meter
(Millipore) according to the user guide. To monitor changes in
tAs and As species, the monolayers were treated with or without
ATO (0:13 lM As) for 24 h and the media within the inner and
outer chambers were collected for fluorescence detection at the
indicated times (n=3 per group).

To assess the permeability to transmigrating macrophages,
monolayers were established by seeding HUVECs (1 × 104 per
well) onto Transwell® permeable supports (8 lm pore size,
4:26 mm insert diameter; Corning) and treated as above. The
media in the inner chambers were replaced with fresh medium
containing 1% FBS and activated THP-1 cells (1 × 104 per well).
After incubating for another 6 h, the monolayers and nonadherent
THP-1 cells were gently scraped. THP-1 cells that had migrated
into the membranes were visualized by staining with the
membrane-permeable live-cell labeling dye, calcein-AM (1 lM;
Invitrogen), DiI (5 lM), and Hoechst 33258 (1 lg=mL) for 30
min. After washing three times with PBS, images were captured
with the EVOS® FL Imaging System using the excitation and
emission spectra 470=525 nm for Calcium-AM, 360=447 nm for
Hoechst 33258, and 530=593 nm for DiI. The total numbers of
stained cells were counted manually in three random images per
membrane (n=3 per group).

Quantitative Polymerase Chain Reaction Analysis
Total RNA was isolated from aortas (∼ 20 mg) or HUVECs
(∼ 4× 106 cells) using the MiniBEST Universal RNA Extraction
Kit (TaKaRa) following the manufacturer’s instructions. A total
of 1 lg isolated RNA for each sample was reverse transcribed
with PrimeScript RT Master Mix (TaKaRa). Quantitative poly-
merase chain reaction (qPCR) was performed by using 2×
SYBR® Green qPCR Master Mix (Bimake) and the LightCycler®
96 instrument (Roche) under the following parameters: 95°C for
5 min, 40 cycles at 95°C for 10 s, and 60°C for 30 s. To verify
amplification specificity, a thermal denaturing cycle was added
to derive the dissociation curve of the PCR product after ampli-
fication. The mRNA levels of target genes were calculated by
the 2−DDCT method using beta-actin as a housekeeping gene.
Three biological replicates were analyzed for each group. All
qPCR primers listed in Table S1 were designed using primer-
BLAST (Ye et al. 2012) and obtained from Sangon Biotech Co.
Ltd.

Western Blotting
Aortas (∼ 20 mg) or treated cells (∼ 4× 106 cells) were homoge-
nized and/or lysed in 150 lL of radioimmunoprecipitation assay
(RIPA) buffer (ThermoFisher) containing a protease inhibitor
cocktail (Sigma), and ultrasonicated as above. Supernatants of
lysates were collected by centrifugation at 14,000 rpm at 4°C for
15 min, and protein concentrations were determined using the
BCA assay. After adjusting to equal protein concentrations and

boiling with Laemmli sample buffer (Bio-Rad), the protein sam-
ples were separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a polyvinyli-
dene difluoride (PVDF) membrane (0:22 lm; Millipore). The
membranes were blocked with 5% nonfat milk (BD) for 1 h and
then incubated with the indicated primary antibodies overnight at
4°C. After washing three times with tris-buffered saline with
0.1% Tween® 20 (TBST) (Sigma) at 5-min intervals, the mem-
branes were incubated with horseradish peroxidase–linked anti-
rabbit antibody (diluted in 5% BSA/TBST with 1:3,000 dilution)
(Cat. No. 7074S, Lot No. 27; Cell Signaling) for 1 h at RT. After
washing three times with TBST at 10-min intervals, protein
bands were visualized by a chemiluminescent imaging system
(model 5200; Tanon) using electrochemiluminescence (ECL)
assay kits (Pierce). Each group was analyzed in triplicate (biolog-
ical replicates), and relative protein levels were quantified relative
to b-actin by using the software ImageJ 1.46r.

The following primary antibodies, including anti-CAST (sc-
20779, Lot No. J2513, 1:500; Santa Cruz), anti-CAPN-1
(ab39170, Lot No. GR299070-9, 1:1,000; Abcam), anti-CAPN-2
(ab39165, Lot No. GR299070-9, 1:1000; Abcam), anti-CAPNS1
(ab28237, Lot No. GR640370-7, 1:1,000; Abcam), anti-b-actin
(4970S, Lot No. 15, 1:1,000; Cell Signaling), and anti-Na+ =
K+ -ATPase (3010S, Lot No. 6, 1:1,000; Cell Signaling) were
diluted in 5% BSA/TBST.

Membrane and Cytosol Protein Extraction
To determine CAPNs and CAST levels in cytosolic and mem-
brane fraction, HUVECs (2× 107 per dish) were seeded in trip-
licate in 10-cm dishes. After reaching full confluency, the cells
were treated with ATO (0:13 lM As) for the indicated times.
Cytosolic and membrane proteins were extracted using a mem-
brane and cytosol protein extraction kit (Beyotime) according
to the manufacturer’s instructions. Protein levels were detected
by SDS-PAGE and western blotting as described above. The
relative levels of cytosolic proteins or membrane proteins were
normalized to b-actin or Na+ =K+ -ATPase, respectively.

Immunofluorescence
Coverslips (14-mm diameter; NEST Biotech Co. Ltd) were
coated with poly L-lysine (0.1mg/mL; Sigma) for 1 h at 37°C,
and washed three times with deionized water. HUVECs (2× 105

per well) were seeded on coverslips in 24-well plates. To access
the cellular distribution of CAPN-1, cells were treated with ATO
(0:13 lM As) for the indicated times. The cells were fixed with
4% paraformaldehyde for 15 min, permeabilized with 0.2%
Triton™ X-100 for 10 min and blocked with 10% goat serum for
1 h. The cells were then incubated with rabbit polyclonal anti-
body recognizing CAPN-1 (diluted in 2% goat serum/PBS with
1:100 dilution; ab28257; Abcam) overnight at 4°C. After wash-
ing with 0.1% Tween®-20/PBS, cells were incubated with Cy3-
conjuated goat anti-rabbit IgG antibody (MO2284, diluted in 2%
goat serum/PBS with 1:100 dilution; E031620; EarthOx) at RT for
1 h. After washing with 0.1% Tween®-20/PBS, DAPI was used for
nuclei staining. After sealing with ProLong™ Gold antifade
mountant (Cat. No. P36934; Invitrogen), images were captured by
confocal laser scanning microscope using the excitation and emis-
sion spectra 359=461 nm for DAPI and 547=567 nm for Cy3.

To assess the proteolytic disorganization of VE-cadherin,
cells were treated with ATO (0:13 lM As) in the presence/ab-
sence of ALLM (10 lM) or Z-LLY-FMK (4 lM) for 24 h until
reaching full confluency. VE-cadherin in cells was detected using
rabbit monoclonal antibody recognizing VE-cadherin (2500S;
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diluted in 2% goat serum/PBS with 1:100 dilution) followed by
Cy3-conjuated goat anti-rabbit IgG as above.

Transfection and siRNA
HUVECs (2× 105 per well) were seeded in 6-well plates and
transfected with CAPN-1 siRNA (sc-29885; Santa Cruz), CAPN-
2 siRNA (sc-41459; Santa Cruz), CAST siRNA (sc-29885; Santa
Cruz), or control siRNA (sc-37007; Santa Cruz) using TransIT-
siQUEST Transfection Reagent (Mirus) following the manufac-
turer’s instructions. After 24 h, gene silencing was confirmed by
western blotting. The cells were then treated with or without
ATO (0:13 lM As) for 24 h, and CAPN activity was detected.
Each treatment was analyzed in triplicate (biological replicates).

Co-Immunoprecipitation
Co-immunoprecipitation of CAST and CAPNs was assessed
using Dynabeads® Protein A (Invitrogen) according to the manu-
facturer’s instructions. Dynabeads® Protein A were bound to the
anti-CAST antibody in 0.1% Tween®-20/PBS for 10 min at RT.
HUVECs (2× 105 per well) were seeded in triplicate in 6-well
plates and treated with ATO (0:13 lM As) for the indicated
times. The cells were then lysed in 100 lL lysis buffer (Cell
Signaling) containing phenylmethylsulfonyl fluoride (PMSF)
(1mM; Sigma). Supernatants of lysates were collected by centrif-
ugation at 12,000 rpm at 4°C for 15 min and incubated with
Dynabeads®-antibody complex overnight at 4°C. After washing
three times with PBS, the Dynabeads® were eluted with glycine
(50mM, pH 2.8; Sigma). Protein samples were neutralized with
tris (1M, pH 8.5; Sigma), and boiled after adding Laemmli sam-
ple buffer. Targets, including CAST, CAPN-1, and CAPN-2,
were detected using SDS-PAGE and western blotting, as
described above.

Statistical Analysis
Experiments were performed a minimum of three independent
trials. Results were analyzed using Prism software (version 6.01;
GraphPad Software) and presented as mean± standard deviation
(SD). Unpaired Student’s t tests were used to compare the means
of two groups. One-way analysis of variance (ANOVA) was
used for comparison of three or more groups and differences
among the groups. When ANOVA was significant, post hoc test-
ing of differences between groups was performed using the
Tukey’s honestly significant difference (HSD) test. For every fig-
ure, statistical tests are justified as appropriate. A p<0:05 was
considered statistically significant.

Results

Effects of Chronic Exposure to Arsenic on Vascular
Permeability in Mice
Arsenite, arsenate, and roxarsone are major As species involved
in human As exposure. To determine the effects of chronic expo-
sure to these As species on vascular permeability in vivo, the
mice were exposed to ATO, arsenate, or roxarsone through drink-
ing water at 10 ppb As, which is the WHO limited guideline
value (Seltenrich 2018) and the current Chinese standard for As
in drinking water (Rodríguez-Lado et al. 2013). After a 4-week
exposure, no differences in body weights (see Figure S1A) or
water consumption (see Figure S1F–G) were found between the
groups. In comparison with the control group, a light blue color
appeared on the skin of ATO-treated mice around hairless tissues,
including the nose, abdomen, and feet (Figure 1A, arrows), after
intravenous injection with Evans blue dye. Aortas of ATO-

treated mice exhibited Evans blue content (Figure 1B) with
higher optical density values of the extracted dye (Figure 1C),
which was consistent with the higher content in their colons (see
Figure S1B–C) and feet (see Figure S1D–E). Similar assays were
performed for vascular permeability by intravenous injection
with FITC-BSA, where aortic sections from ATO-treated mice
showed higher fluorescence intensity of FITC-BSA (5.11-fold;
Figure 1D–E). In contrast, arsenate- or roxarsone-treated mice
showed no obvious differences in vascular permeability using ei-
ther Evans blue dye or FITC-BSA when compared with the con-
trol group. Concentrations of tAs and As species in aortas were
also evaluated after a 4-week exposure to As. Although tAs accu-
mulated in all As-exposure groups, only the accumulation of tAs
in the aortas of ATO-treated mice was statistically significant
(5:27 ng=g; see Figure S2A), in which iAs(III) was the major As
metabolite (5:02 ng=g; see Figure S2B–C). Moreover, the effects
of ATO on vascular permeability were further confirmed in
ApoE−=− mice. Although a higher vascular permeability to
Evans blue dye (3.09-fold; see Figure S3A–C) and FITC-BSA
(1.96-fold; see Figure S3D–E) was observed in ApoE−=− mice
exposed to ATO as well, no differences were found in compari-
son with WT mice exposed to ATO (see Figure S3).

Effects of ATO Treatment in HUVECs
Due to the greater vascular permeability that was found in ATO-
treated mice, the effects of ATO treatment (0–4:16 lM) in vitro
were further studied using HUVECs. Data showed that no signifi-
cant differences in cell viability (Figure 2A), cell growth (see
Figure S4A), cell apoptosis (see Figure S4B and Table S2), or
cell cycle distribution (see Figure S4C and Table S3) were
detected in HUVECs treated with ATO at As concentration of
0:13 lM (10 ppb As). In contrast, ATO treatment (≥1:04 lM As)
exerted strong inhibitory effects on cell viability and cell growth
along with the induction of cell apoptosis and cell cycle disruption.
Moreover, the effects of ATO treatment on As metabolism in
HUVECs were also evaluated. As shown in Figure 2B, tAs accu-
mulated in increasing amounts and peaked at 12:15 ng=mg protein.
The major As metabolite in HUVECs with a 24-h ATO treatment
(0:13 lM As) was iAs(III) (11:50 ng=mg protein; Figure 2C–D),
whereas iAs(V) was the main metabolite in the medium (6:11 ng=
mL; Figure 2E–F).

Effects of ATO on CAPN Activation in Aortas and HUEVCs
It has been reported that As exposure activates CAPN proteolytic
enzymes (Vahidnia et al. 2008). To investigate the potential role
of CAPN in vascular endothelial dysfunction induced by ATO,
the activity and expression levels of CAPNs in aortas were meas-
ured. Higher CAPN activity (149.2%; Figure 3A) and higher pro-
tein levels of CAPN-1 (1.60-fold; Figure 3B–C) were detected
in the aortas of ATO-treated mice. No significant differences in
mRNA levels of CAPN-1 (Figure 3D) or in mRNA and protein
levels of CAST, CAPN-2, or CAPN-4 were found in comparison
with the control group (Figure 3A–D). Consistent with the obser-
vations obtained after a 4-week exposure to ATO, higher levels
of CAPN activity were also detected in the aortas of mice after a
1-d exposure to ATO, and the activity was sustained at a higher
level through 7 d (Figure 3E). Therefore, t-BOC-Leu-Met was
further employed to visualize activated CAPNs in aortas in situ,
and higher fluorescence intensity of t-BOC-Leu-Met was
observed in the aortas of ATO-treated mice, particularly in the
aortic arches (Figure 3F–G, arrows) and endothelium (Figure
3H–I, arrows).

Similar results were observed in HUEVCs, where CAPN ac-
tivity was higher in the cells treated with ATO (≥0:13 lM As;
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see Figure S5A). The peak response of CAPN activity in cells
treated with ATO (0:13 lM As) occurred at 0.5 h (144.9%), fol-
lowed by a decline that remained at a level above baseline
(124.4%; Figure 4A). To determine how ATO activated CAPN,
Fura-2 AM was used to evaluate effects of ATO on ½Ca2+ �i.
½Ca2+ �i in HUEVCs treated with ATO increased rapidly from
39:2 nM to 105:5 nM but returned to the baseline level (Figure
4B). Cells pretreated with BAPTA exhibited a smaller increase in
concentration of ½Ca2+ �i for a shorter length of time (Figure 4B)
with no rapid activation of CAPN (Figure 4C) compared with the
ATO-treated groups that were pretreated with dimethylsulfoxide
(DMSO) or PBS. Next, to investigate the effects of ATO on
mRNA and protein levels of CAPNs and CAST in HUVECs,

qPCR and western blotting were employed, respectively.
Compared with the control group, ATO-treated cells exhibited
higher mRNA (149.7%; Figure 4D) and protein levels (2.46-fold;
Figure 4E–F) of CAPN-1, accompanied by no significant differ-
ences in the mRNA and protein levels of CAPN-2, CAPN-4, and
CAST (Figure 4D–F). In addition, specific siRNA targeting
CAPN-1, CAPN-2, and CAST were then used to confirm their
involvement in CAPN activation during ATO treatment in
HUVECs. Gene silencing was confirmed (see Figure S5C, E, G),
but only pretreatment with CAPN-1 siRNA resulted in an inhibi-
tory effect on rapid CAPN activation after ATO treatment in
comparison with the control siRNA-pretreated group (see Figure
S5). To further detect whether interaction of CAST with CAPNs

CB
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Figure 1. Vascular permeability in mice treated with 10 ppb of arsenic (As). Mice were randomly assigned to four groups (n=30 per group) and exposed to
10 ppb As in drinking water supplied by arsenic trioxide (ATO), arsenic pentoxide (arsenate), or roxarsone or maintained on tap water for 4 weeks. Vascular
permeability in mice was evaluated by intravenous injection with (A–C) Evans blue or (D–E) fluorescein isothiocyanate–labeled bovine serum albumin (FITC-
BSA). Representative images of (A) mice or (B) aortas are shown. The arrows indicate blue coloration. Scale bar: 1 cm. (C) Evans blue dye in aortas was
extracted and measured (n=3 per group). (D) Representative images of FITC-BSA in aortic sections are shown (scale bar: 400 lm for top images and 100 lm
for bottom images). (E) Relative fluorescence intensity of FITC-BSA in aortic sections was quantified by ImageJ (three sections per mouse; n=3 mice per
group). The data are presented as the mean± standard deviation (SD). ***p<0:001 compared with control using one-way ANOVA and Tukey post-test.
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occurred in cells during ATO treatment, co-immunoprecipitation
were employed. As shown in Figure S6, CAST showed a stronger
interaction with CAPN-1 but not CAPN-2 for both short (0.5 h)
and long (24 h) periods of times. In addition, the effects of arsenate
or roxarsone were also evaluated in HUVECs, but neither showed
effects on cell viability (see Figure S7A), activity (see Figure
S7C), mRNA levels (see Figure S7B), or protein levels (see Figure
S7D–G) of CAPNs at the same concentrations of As (0:13 lM).

Effects of ATO on Membrane Translocation of CAPN-1 in
HUVECs

Because the membrane translocation of CAPNs is associated
with their activation, subcellular fractionation assays were
employed to analyze membrane and cytoplasmic levels of
CAPNs. CAPN-1 exhibited higher levels in the membrane
fraction of ATO-treated cells (1.65-fold), with no significant

Figure 2. Dose effects of arsenic trioxide (ATO) on endothelial cells. (A) Human umbilical vein endothelial cells (HUVECs) were treated with ATO
[0–4:16 lM of arsenic (As)] for 24 h, and cell viability was detected by using the Cell Counting Kit-8 (CCK-8) kit (n=3 per group). (B) HUVECs were
treated with ATO (0:13 lM As) for the indicated times and concentrations of total arsenic (tAs) was detected (n=3 per group). The representative chromato-
grams of As species, including sodium arsenite [iAs(III)], sodium arsenate [iAs(V)], monomethylarsenic disodium [MMA(V)], and dimethylarsenic acid
[DMA(V)], in (C) HUVECs or (E) medium after exposure to indicated doses of ATO for 24 h are shown. The concentrations of As species in (D) HUVECs or
(F) medium after a 24-h ATO treatment (0:13 lM As) are shown (n=3 per group). The data are presented as the mean± standard deviation (SD). Note:
ANOVA, analysis of variance. *p<0:05 or ***p<0:001 compared with the 0 lM ATO-treated group control using one-way ANOVA and Tukey post-test.
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Figure 3. Calpain (CAPN) activity in the aortas of mice exposed to arsenic trioxide (ATO). (A–D) Mice were randomly assigned to four groups (n=30 per
group) and exposed to 10 ppb of arsenic (As) in drinking water supplied by ATO, arsenic pentoxide (arsenate), or roxarsone or maintained on tap water for 4
weeks. (A) CAPN activity in aortas was detected (n=3 per group). (B) Protein levels of targets in aortas were analyzed by western blotting, and (C) relative
protein levels normalized to b-actin are shown (n=3 per group). (D) Relative mRNA levels of targets in aortas were quantified by qPCR (n=3 per group).
(E–I) Mice were randomly divided into two groups (n=20 per group) and maintained on tap water with or without ATO supplementation (10 ppb As) for 1
week. (E) Mice were euthanized at indicated times and CAPN activity in aortas was detected (n=3 per group). (F–I) Mice were injected intravenously with t-
BOC-Leu-Met (20 lM). Representative images of active CAPNs (pseudocolored in green) in (F) aortas (scale bars: 1 cm) or (H) aortic sections (scale bars:
400 lm for top images and 100 lm for bottom images) are shown. Relative fluorescence intensity in (G) aortas (n=3 per group) and (I) aortic sections (three
sections per animal; n=3 animals per group) were quantified by ImageJ. The data are presented as the mean± standard deviation (SD). Note: ANOVA, analy-
sis of variance; CAST, calpastatin; RFU, relative fluorescence unit; qPCR, quantitative polymerase chain reaction. **p<0:01 or ***p<0:001 compared with
control using one-way ANOVA and Tukey post-test.
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differences in the cytosolic fraction (Figure 5A–C). In addi-
tion, a greater increase in CAPN activity was detected in the
membrane fractions (Figure 5D), although higher levels of
CAPN activity was detected in both the cytosolic and mem-
brane fractions of cells treated with ATO. Parallel experiments

were performed to evaluate the effects of ATO on cellular dis-
tribution of CAPN-1 by using immunofluorescence. As shown
in Figure 5E, foci of CAPN-1 were intensely localized to the
cell surface of ATO-treated cells (arrows) compared with the
untreated cells.
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Figure 4. Calpain (CAPN) activity in human umbilical vein endothelial cells (HUVECs) treated with arsenic trioxide (ATO). (A) HUVECs were treated with
ATO [0:13 lM of arsenic (As)] for 24 h, and CAPN activity was detected (n=3 per group). HUVECs were treated with ATO (0:13 lM As) for (B) 1 h or (C)
0.5 h in the pretreatment with/without BAPTA-AM (20 lM, 2 h). (B) Intracellular calcium concentration (½Ca2+ �i) was measured by using Fura-2 AM and
½Ca2+ �i was calculated (n=3 per group; arrow indicates ATO addition). (C) CAPN activity was detected (n=3 per group). PBS and DMSO were served as
solvent controls. (D) Gene expression of CAPNs or calpastatin (CAST) in HUVECs treated with ATO (0:13 lM As, 12 h) was assessed by qPCR (n=3 per
group). (E) Protein levels in HUVECs treated with ATO (0:13 lM As) for the indicated times were assessed by western blotting and (F) relative protein levels
normalized to b-actin are shown (n=3 per group). The data are presented as the mean± standard deviation (SD). Note: ANOVA, analysis of variance; DMSO,
dimethylsulfoxide; PBS, phosphate-buffered saline; RFU, relative fluorescence unit; qPCR, quantitative polymerase chain reaction. **p<0:01 or ***p<0:001
compared with their own control using one-way ANOVA and Tukey post-test.
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Effects of ALLM on Endothelial Function following ATO
Treatment in Vitro

To further confirm the effects of ATO on endothelial dysfunction
in vitro, HUVECs were used to establish cultured endothelial cell
monolayers in a Transwell® system. Compared with the control
group, ATO treatment resulted in intracellular gaps formation
(arrows, 4.61%; Figure 6A–C), with gradual decreases in TEER

of monolayers (Figure 6D). As expected, concentrations of tAs in
the outer chamber and in the inner chamber tended to be equal
(3:49 ng=mL; see Figure S8A) at 12 h and later after ATO treat-
ment, and the major As species detected in both sides was iAs(V)
after a 24-h treatment (see Figure S8B). To further determine the
effects of ATO on the permeability of monolayers, the transendo-
thelial transport of ox-LDL, and the transmigrating of activated
THP-1 cells were measured. In comparison with the control

E
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Figure 5. Protein levels and activity of calpains (CAPNs) in membrane fraction of human umbilical vein endothelial cells (HUVECs) treated with arsenic triox-
ide (ATO). HUVECs were treated with ATO [0:13 lM of arsenic (As)] for the indicated times. (A) Proteins levels of calpastatin (CAST) and CAPNs in cyto-
solic and membrane fractions were analyzed by western blotting. Relative protein levels in (B) cytosolic and (C) membrane fractions normalized to b-actin or
Na+ =K+ -ATPase are shown (n=3 per group). (D) CAPN activity in different fractions was detected (n=3 per group). (E) CAPN-1 in cells treated with
ATO (0:13 lM As) for the indicated times was detected a using rabbit polyclonal antibody followed by goat anti-rabbit antibody (Cy3-conjuated) and nuclei
were counterstained with DAPI. Representative images are shown (scale bars: 20 lm) and arrows indicate foci of CAPN-1 in membrane. The data are pre-
sented as the mean± standard deviation (SD). Note: ANOVA, analysis of variance; RFU, relative fluorescence unit. *p<0:05, **p<0:01, or ***p<0:001
compared with control (0 h) using one-way ANOVA and Tukey post-test.
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Figure 6. Effect of the CAPN-1 inhibitor, ALLM, on endothelial permeability in monolayers following arsenic trioxide (ATO)–treatment. Human umbilical
vein endothelial cells (HUEVCs) were seed onto (A–C) glass bottom dishes or (D–G) Transwell® permeable supports to establish monolayers and then treated
with ATO [0:13 lM of arsenic (As)] in the presence/absence of ALLM (10 lM) or the CAPN-2 inhibitor, Z-LLY-FMK, (4 lM) for 24 h. (A–B) Monolayers
were stained with DiI and Hoechst. Representative (A) fluorescence images and (B) fluorescence images merged with the corresponding brightfield images are
shown (scale bars: 20 lm; arrows indicate intracellular gaps). (C) Intracellular gaps were quantified as the percent area of monolayers uncovered by cells (three
images per dish, n=3 dishes per group). (D) Transendothelial electrical resistance (TEER) was detected at indicated times (n=3 per group). Treated mono-
layers were co-cultured with (E) DiI-ox-LDL (30 lg=mL, 24 h) or (F–G) activated human monocytic cell line (THP-1) cells (1 × 104 per well, 6 h). (E)
Relative fluorescence intensity of DiI-ox-LDL in the outer chamber was detected at indicated times (n=3 per group). (F) Migrated THP-1 cells in membranes
were stained with calcein-AM, DiI, and Hoechst, and representative images are shown (scale bars: 400 lm). (G) The total numbers of migrated cells were
counted (three images per membrane, n=3 membranes per group). The data are presented as the mean± standard deviation (SD). Note: ANOVA, analysis of
variance. Different letters indicate significant difference between groups (p<0:05) as determined by one-way ANOVA and Tukey post-test.
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group, the relative fluorescence intensity of DiI-ox-LDL in the
outer chamber was markedly increased in the ATO-treated group
(21.2-fold, 24 h; Figure 6E). Similarly, more THP-1 cells
migrated transendothelially in membranes in the ATO-treated
group as observed by fluorescent dye staining (Figure 6F–G).

To further evaluate the potential involvement of activated
CAPN-1 in endothelial dysfunction during ATO treatment, assays
were performed using inhibitors specific for CAPN-1 (ALLM)
and CAPN-2 (Z-LLY-FMK). Compared with the ATO-treated
group, smaller intracellular gaps (1.53%; Figure 6A–C), lower flu-
orescence intensity of DiI-ox-LDL in the outer chamber (9.45-
fold; Figure 6E), and fewer THP-1 cells migrating transendothe-
lially in membranes (Figure 6F–G) were observed in the combined
ATO/ALLM treated group, with no difference in the TEER. In
contrast, Z-LLY-FMK did not affect the gap formation or hyper-
permeability of monolayers induced by ATO.

Effects of ALLM on CAPN Activation Induced by ATO
Next, mechanisms by which ALLM affected CAPN activation
induced by ATO were investigated. Cells pretreated with ALLM
had lower levels of CAPN activity in response to ATO compared
with those treated with ATO alone (see Figure S9A), but they did
not differ in CAPN protein levels (see Figure S9B–C) or in mem-
brane translocation of CAPN-1 (see Figure S9D) in comparison
with the ATO-treated group. Similar results were also detected in
the combined ATO/Z-LLY-FMK–treated group (see Figure S9).

Effects of ALLM on Disorganization of VE-Cadherin
following ATO Treatment in HUVECs
Disorganization of VE-cadherin catalyzed by CAPN during vas-
cular hyperpermeability has been shown to play a fundamental
role in atherosclerosis (Miyazaki et al. 2011). Therefore, effects of
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Figure 7. Effect of the CAPN-1 inhibitor, ALLM, on proteolysis of vascular endothelial cadherin (VE-cadherin) following arsenic trioxide (ATO)–treatment in
human umbilical vein endothelial cells (HUVECs). HUVECs were treated with ATO [0:13 lM arsenic (As)] in the presence/absence of ALLM (10 lM) or the
CAPN-2 inhibitor (Z-LLY-FMK) (4 lM) for 24 h. (A) Proteolysis of VE-cadherin was analyzed by western blot. (B) The graph represents the ratio of
cleaved/uncleaved (90=135 kDa) bands of VE-cadherin (n=3 per group). (C) VE-cadherin in cells was detected using rabbit monoclonal antibody followed by
goat anti-rabbit antibody (Cy3-conjuated). Nuclei were counterstained with DAPI. Representative images are shown (scale bars: 20 lm), and arrow indicates
proteolytic disorganization of VE-cadherin. The data are presented as the mean± standard deviation (SD). Note: ANOVA, analysis of variance. Different letters
indicate significant difference between groups (p<0:05) as determined by one-way ANOVA and Tukey post-test.
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ATO on this process were evaluated. Proteolysis of VE-cadherin
was analyzed by western blotting. Both an intact band (135 kDa)
and a fragmented band (90 kDa) of VE-cadherin were found in
whole cell lysates. Compared with the control group, the ratio of
90=135 kDa bands was higher in the ATO-treated group (237.2%;
Figure 7A–B). Combined ATO/ALLM treatment (121.8%), but
not combined ATO/Z-LLY-FMK treatment (221.1%), showed a
lower ratio of 90=135 kDa bands compared with the ATO-treated
group. Immunofluorescence experiments were performed in paral-
lel, and disorganization of VE-cadherin occurred in the cells
treated with ATO, which could be partially blocked by treatment
with ALLM but not Z-LLY-FMK (Figure 7C).

Discussion
Previous studies showed that As exposure could cause molecular
and cellular events relevant to atherogenesis in cultured endothe-
lial cells (Simeonova and Luster 2004) and also increase athero-
sclerotic plaque formation in ApoE−=− mice (Negro Silva et al.
2017). Epidemiological studies indicated that people exposed to
low levels of As were prone to developing atherosclerosis
(Ellinsworth 2015; Moon et al. 2013), but direct evidence on en-
dothelial dysfunction has been lacking. In the present study, we
found that exposure to ATO induced vascular endothelial dys-
function in mice and in cultured endothelial cell monolayers and
was associated with the proteolytic disorganization of VE-
cadherin and increased CAPN activation. Activation of CAPN
during endothelial dysfunction induced by ATO was associated
with increased ½Ca2+ �i and with increases in both protein levels
and membrane translocation of CAPN-1.

ATO is generated and introduced into the atmosphere and
water by natural and anthropogenic processes, posing a severe
risk to global health (Pinto and Bennett 1963). In alkaline solu-
tions or at low concentrations, ATO exists as arsenite, which is
the prevalent metabolite of iAs in groundwater (Huang et al.
2015). Therefore, ATO was used as the representative form of
arsenite in the present study, and it was found to induce vascular
dysfunction in mouse aortas and cultured endothelial cell mono-
layers at the concentrations as low as 10 ppb of As, which is the
WHO guideline value for safe values of As in drinking water
(Seltenrich 2018). In addition, arsenate pentoxide (representative
of arsenate) and roxarsone (an organic As additive widely used in
the poultry industry, especially in Guangdong Province, China)
were used for comparison in this study, but neither induced vas-
cular endothelial dysfunction in mice (Figure 1A–D; see also
Figure S1A–E).

The cardiovascular system may be much more sensitive to As
exposure (Padovani et al. 2010), and cross-sectional studies
showed that a less efficient As metabolism profile [higher per-
centage monomethylarsenic disodium (MMA%), lower percent-
age dimethylarsenic acid (DMA%)] was identified as a risk factor
for cardiometabolic disease, including atherosclerosis, in humans
(Chen et al. 2013; YR Huang et al. 2007; YL Huang et al. 2009;
Spratlen et al. 2018). Compared with arsenate and roxarsone,
more tAs accumulated (see Figure S2A) in the aortas of ATO-
treated mice, consistent with the previous observation of the rela-
tively higher cellular uptake and accumulation of arsenite in
Caco-2 cells (human intestinal epithelial cells) (Liu et al. 2016).
Similar results were observed in HUVECs treated with ATO
(0:13 lM As), which was taken up quickly (Figure 2B) and accu-
mulated in endothelial cells in the form of As(III) (Figure 2C–D)
but was released into the media in the form of As(V) (Figure
2E–F). Notably, a less efficient As metabolism profile was
found in cells treated with ATO (≥0:13 lM As). However,
ATO at the levels used in this study (0:13 lM As) was previ-
ously defined as a low dose (Chen et al. 1997) and produced no

significant cytotoxic effects on cell viability (Figure 2A), cell
proliferation (see Figure S4A), or apoptosis (see Figure S4B) or
on the cell cycle (see Figure S4C). This suggested that endothe-
lial toxicity may not be the contributing factor to the vascular
endothelial dysfunction mediated by ATO at such low levels.

CAPNs play important roles in inducing apoptosis for multi-
ple cell types, in the cleavage of junction proteins, and in the
expression of adhesion molecules during atherosclerosis
(Miyazaki et al. 2013). ATO was shown to induce CAPN activa-
tion during apoptosis in neuroblastoma cells (Karlsson et al.
2007). Thus, we hypothesized that the pathological effects of
ATO on endothelial cells may be exerted through CAPN activa-
tion. Our results showed that CAPN activity was higher in the
aortas of ATO-treated mice (Figure 3A–I) as well as in endothe-
lial cells treated with ATO and that the activity rapidly increased
in cells over time with a peak response (Figure 4A–B), suggest-
ing that the potential proteolytic effects were not transient in
nature.

CAPN-1 and CAPN-2 are the two main isoforms of CAPNs
that require binding to micromolar and millimolar levels of
Ca2+ for activity, respectively (Huang et al. 2011). Previous
studies showed that ATO could induce sustained increases in
½Ca2+ �i (Florea et al. 2007). In our study, we found that ATO
also induced rapid increases in ½Ca2+ �i (Figure 4B) in HUVECs,
accompanied by induced CAPN activity, which was confirmed
by using BAPTA, the calcium chelator (Figure 4B–C). More-
over, ATO-treated cells exhibited higher mRNA (Figure 4D) and
protein (Figure 4E–F) levels of CAPN-1, which was further
shown to be the main contributor for CAPN activation during
ATO treatment by RNA interference (see Figure S5B–H). This
may be due to the higher sensitivity and lower requirement of
CAPN-1 to ½Ca2+ �i. Moreover, ALLM showed the capacity to
inhibit CAPN activity in HUVECs (see Figure S9A), and it
exerted mitigative effects on gap formation and hyperpermeabil-
ity of cultured monolayers induced by ATO (Figure 6A–G), but
it did not affect protein expression or membrane translocation of
CAPN-1 (see Figure S9B–D). These collective data suggest that
ATO induces endothelial dysfunction through CAPN-1 activation
and support the notion that CAPN-2 plays less of a role.

Membrane association, autolysis, and phosphorylation all
contribute to the activation of CAPNs (Goll et al. 2003; Storr et al.
2011). The importance of such an intricate system of regulation
is due to the irreversible nature of CAPN proteolysis and the
wide variety of cellular targets (Huang et al. 2013; Rose et al.
2015). Several membrane-associated proteins were identified as
specific activators for CAPN-1 (Storr et al. 2011). Related to
these issues, our results showed that compared with controls,
ATO-treated cells showed higher levels of CAPN-1 and CAPN
activity in the membrane fraction. As the endogenous inhibitor of
CAPNs, CAST associates with active and inactive CAPN to con-
trol the overactivation of CAPNs (Melloni et al. 2006). Our pre-
liminary results from co-IPs showed that interaction of CAST
with CAPN-1 in cells exposed to ATO was higher (see Figure
S6), which might explain the decline in CAPN activity over 24 h.
Interaction of trivalent arsenicals and the sulfhydryl groups of
proteins alters protein–protein interactions (Shen et al. 2013), but
further studies are needed to prove that ATO induces impaired
interaction of CAST with CAPN-1 by directly interacting with
CAST or CAPN-1.

Our data show that VE-cadherin is a downstream target of
CAPN-1 in endothelial cells during endothelial dysfunction
induced by ATO (Figure 7A–C). Our results stand somewhat in
contrast to earlier reports that CAPN-2 selectively carried out
proteolysis of VE-cadherin, leading to barrier dysfunction of aor-
tic endothelial cells during atherosclerosis (Gavard 2009;
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Miyazaki et al. 2011). It may be that the location of the endothe-
lial cells (e.g., in the aorta vs. small vessels) determines which
CAPN mediates the permeability induced by ATO involving
CAPN-mediated cleavage of junctional protein, including VE-
cadherin.

In conclusion, these data from mouse models and an estab-
lished endothelial monolayer model demonstrate that ATO-
induced vascular endothelial dysfunction is mediated by
increased CAPN-1 activity. This increased activity is associ-
ated with a rapid rise in ½Ca2+ �i, increased CAPN-1 levels,
and membrane localization of CAPN-1, which lead to
increased proteolytic disorganization of VE-cadherin. The
present data support the notion that therapeutics targeting
CAPN-1 may be useful in attenuating atherogenesis induced
by As exposure.
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